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Abstract 
A chirped fibre Bragg grating (CFBG) optical sensor has been used to detect delamination  
growth in an ENF specimen. CFBG sensors, with a sensor length of 60 mm, have been 
embedded within ENF specimens fabricated from out-of-autoclave CFRP. Delaminations 
have been propagated within the specimen from an insert embedded at the specimen midplane 
during manufacture. The sensor has been interrogated with the specimen subjected to four-
point loading, and the perturbations detected within the reflected spectra of the sensor are in 
reasonable agreement with the physical position of the delaminations measured at the coupon 
edges. The prediction of the reflected spectrum for one delamination length, using a 
combination of 3-D finite-element analysis and commercial software for predicting FBG 
spectra, is in qualitative agreement with the experimental results.  Better quantitative 
agreement is expected to require a more refined finite-element model of the ENF specimen.  
  
1 Introduction 
Optical fibre sensors have many potential uses in monitoring composite materials. Such 
sensors can be surface bonded or embedded within the composite material and are not 
affected by electromagnetic interference. With regard to monitoring damage in composite 
materials, one particular type of optical sensor, the chirped fibre Bragg grating (CFBG) 
sensor, has been shown to be capable of monitoring locating the position of damage within 
fibre reinforced composites. The CFBG sensors used to date in composite materials have a 
linearly increasing grating spacing along the length of the sensor. Consequently, whereas a 
uniform FBG reflects light at one wavelength, a chirped FBG of this reflects a band of 
wavelengths and the wavelength of the reflected light varies linearly with position along the 
sensor. This type of sensor has been demonstrated to be able to detect, for example, the 
position of matrix cracking in cross-ply laminates [1], the growth of delaminations [2], and 
the fatigue growth of disbonds in composite bonded joints [3]. 
 
Chirped FBGs are sensitive to strains that are parallel to the axis of the optical fibre so that 
when used for detecting damage in composite materials, it is the component of the strain field 
parallel to the length of the fibre that is important. However, in some circumstances, it is 
likely that the growth of delaminations is due to predominantly mode II loading.  The work 
described here is an investigation into whether the CFBG sensor can detect the change in 
length of a delamination subjected to mode II loading, using an ENF specimen to provide the 
strain field.  
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2 Experimental results 
2.1 Materials and manufacturing 
ENF coupons with embedded sensors were manufactured using out-of-autoclave CFRP pre-
preg material supplied by the Advanced Composites Group (ACG MTM44-1). Laminates 
having the lay-up (02/90/02/film/02/sensor/90/02), where “film” indicates a silicon-coated film and 
“sensor” indicates the CFBG sensor position, were made using a conventional vacuum 
bagging process and cured for 4 hours at 130oC. The silicon-coated film, with an initial length 
of 60 mm, was embedded at the mid-plane of the laminates; the optical fibres sensors were 
positioned within the laminate stack between a 00 ply and 900 ply and were protected from 
damage when exiting the laminate by using furcation tubing to cover the optical fibre that 
extended approximately 20 mm into the coupons. After manufacture, coupons with nominal 
dimensions 250 x 25 x 2.5 mm (length x width x thickness) were cut from the laminate using 
a wet diamond saw. A schematic of the ENF specimen used for the experimental work is 
shown in Figure 1.  For the modelling work (see Section 3), four possible sensor positions 
within the laminate were considered, for each of the four possible locations between 0 0 ply 
and 90 0 plies in the laminate (labelled “top outer”, “top centre”, “bottom centre” and “bottom 
outer” in Figure 1). The experimental configuration tested corresponded to “bottom centre”, 
with the high-wavelength end of the sensor located adjacent to the delamination i.e. the sensor 
here was interrogated from the low-wavelength end. 
 
 
Figure 1. Schematic of FEA model of ENF coupon edge showing locations of boundary conditions and possible 
positions of CFBG sensors. All dimensions in mm; R1-R4 are rollers. 
 
 
CFBG sensors with a spectral bandwidth of about 20 nm at full-width half-maximum were 
used. The polyimide coated single mode optical fibres were stripped along the portion of fibre 
where the grating was written; the optical fibre was not recoated. Connections to the optical 
fibre were made using standard telecommunications grade FC/PC connectors. Optical fibre 
connectors were bonded and polished after manufacture of the composite using conventional 
hand polishing techniques. 
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2.2 Equipment and testing 
A Smart Fibres Ltd W4 scanning laser interrogator, connected to a computer, was used to 
record the spectra. Mechanical loading of the ENF jig was performed using an Instron 5500R 
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testing machine under computer control. A four-point bend test jig, with an outer roller span 
of 160 mm and inner roller span of 80 mm, was used to subject test specimens to a static load 
of 500 N while recording reflected spectra from the sensors for different delamination lengths. 
The inner roller set was attached to a pivot to enable the rollers to conform to the different 
curvatures of the ENF specimen at each end. Delaminations were advanced along the coupon 
length by forcing a razor blade into the delaminations; this provided greater control over 
delamination length than propagating the crack under load. The delamination length was 
measured on the edges of the ENF coupons using white correcting fluid.  
 
2.3 Monitoring of the delamination length 
The reflected spectrum for a sensor embedded within an unloaded ENF specimen is shown in 
Figure 2 (“embedded sensor”). Delaminations were grown from the embedded silicon coated 
film to have lengths of 70 mm, 73 mm and 82 mm.  For each delamination length, the ENF 
coupon was loaded to 500 N and the reflected spectrum was recorded.  As Figure 2 shows, the 
spectra from the loaded and delaminated coupon each show a small trough, which is 
associated with a local strain change in the region of the delamination front. The spectral 
bandwidth of the reflected spectrum corresponds to the 60 mm of the physical length of the 
sensor.  Hence, to a first approximation, and ignoring the non-linearities in the wavelength-
positon relationship caused by the non-linear strain field, the position of the perturbations in 
the spectra have been compared to the physical positions of the delamination front.  Figure 3 
shows a comparison of the position of the first dip in the perturbation within the spectrum, 
converted to a physical position along the length of the sensor, with the delamination length 
measured at the coupon edges. There is reasonable agreement between these measurements, 
suggesting that the CFBG sensor can be used to monitor a delamination growing under mode 
II loading. 
 
 
Figure 2. Reflected spectra from an ENF coupon with embedded 60 mm CFBG. A delamination is growing 
from the HW end towards the LW end. Reflected intensity has been  modified to separate spectra. 
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Figure 3. Comparison of delamination length measured using the perturbation in the CFBG spectra and the 
delamination length measured on the edge of the ENF coupon. 
 
3 Predictions of the reflected spectra 
3.1 Finite-element modelling 
3-D finite-element analysis was used to obtain the longitudinal strains in the ENF coupons 
(these strains are used to predict the spectra in Section 3.2).   A model of the ENF specimen 
was constructed in ABAQUS (Simulia, version 6.9-1). The 3D model consisted of two parts, 
labelled “Top” and “Bottom” in Figure 1. Each part was partitioned into discrete plies of 0.25 
mm, with a lay-up (02/90/02). The optical fibre was not modelled discretely due to 
incompatibilities of scale. A uniform rectangular mesh was applied to each part using a 3D 
stress element, C3D8R. The two parts were assembled using tie constraints in the undamaged 
section of the ENF coupon; simple surface to surface contact was used to prevent over-closure 
of the delaminated region of the model, but no friction was modelled in the contact region. 
The model was loaded using a static force of 500 N in quarter–point bending. 
 
3.2 Results of the FEA analysis 
Figure 4 shows a contour plot of the deformed shape of part of the ENF specimen under load, 
with the position of the delamination front and two of the rollers, R1 and R2, indicated. In this 
model, the delamination had a total length of 72 mm.  
 
Figure 4. Contour plot of deformed ENF coupon under quarter point loading with a 72 mm delamination. 
Contours show the E11 longitudinal strain at the centre of the coupon width. 
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Strain data was extracted from the model along 4 lines, each corresponding to a possible 
location for a CFBG sensor (“top outer”, “top centre”, “bottom centre” and “bottom outer”), 
adjacent to each 0/90 interface. The longitudinal strains are shown in Figures 5(a) and 5(b). 
 
 
 
Figure 5. Longitudinal strain plotted against distance for 4 different possible sensors positions within the ENF 
coupon with a 72 mm delamination. The vertical red line represents the position of the delamination front; the 
other vertical lines represent the position of the rollers, R1-R4. (a) For the two possible sensor positions in the 
"Top" part; (b) For the two possible sensor positions in the "Bottom" part. 
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The strain data shows that the delamination causes a perturbation in the strain profile for all 
the possibilities considered, but that for the "Top outer" and "Bottom outer" sensor positions, 
the perturbation in the strain profile is very small (these positions are approximately 0.875 
mm from the delamination, from which they are separated by two 0o plies and one 90o ply). 
The two positions closest to the delamination, i.e. “Top centre” and “Bottom centre” in Figure 
5, both show large strain changes near the delamination front, since the laminate at this point 
is effectively divided into two half-laminates.  
3.3 Prediction of the experimentally measured reflected spectrum 
The strain data from the FEA model were used to generate predictions of CFBG grating 
spacings at the possible positions of the CFBG sensor for a 72 mm delamination length, 
including the experimentally tested position. The resulting grating spacings were used to 
predict the reflected spectra from sensors using the commercial OptiGrating software [4]. In 
the experimental work described above, the CFBG sensor was positioned so that the low-
wavelength (LW) end of the sensor was located 48 mm from the split end of the ENF coupon, 
which placed the delamination front at a distance of 24 mm from the high-wavelength end of 
the sensor (the high-wavelength (HW) end being nearer the embedded insert). Predictions 
were made for this orientation of the senor, and also for the alternative orientation for which 
the low-wavelength end of the sensor is nearer the embedded insert.  
For the CFBG sensor positioned with the HW end of the grating nearer the embedded insert, 
corresponding to the experimental arrangement, the predicted spectra are shown in Figure 6 
for the unstrained CFBG and the loaded ENF coupon. Qualitatively, the shape of the 
predicted changes in the spectra is in agreement with the experimental results. The HW end of 
 
 
Figure 6. Predicted reflected spectrum for ENF coupon with a 72 mm delamination. The delamination is at the 
HW end of the CFBG and an idealised unstrained CFBG is shown for reference. 
 
the spectrum, at the location of the delamination, experiences an increasing tensile strain 
which increases the grating spacings and shifts the reflections to higher wavelengths; the 
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gratings at the low wavelength end of the spectrum are compressed and shifted to lower 
wavelengths.  Interestingly, the position of the centre of the perturbation in the predicted 
reflected spectrum corresponds to a distance of about 23 mm from the HW end of the 
spectrum (the delamination front is at a distance of 24 mm from the high-wavelength end), 
but clearly the depth and extent of the predicted perturbation is considerably greater than the 
dip in the experimentally recorded spectra (Figure 3). The differences between the predicted 
results and the experimental results are likely to be due to an incorrect prediction of the 
longitudinal strains in the vicinity of the delamination front; no crack tip damage has been 
included and, more importantly, the model does not currently include friction in the contact 
control that prevented ENF over-closure.  
 
3.4 Predicted reflected spectra for alternative sensors positions 
The alternative orientation of the sensor is to have the low-wavelength end of the sensor 
closer to the initial delamination, and predictions of the reflected spectra for this orientation 
have been made for the four possible sensor locations for a toatal delamination length of 72 
mm (Figures 7(a) and (b)). Also shown in the figures are the predicted reflected spectra for an 
unstrained CFBG. 
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Figure 7. Predicted reflected spectra for 4 different possible sensors positions within the ENF coupon with a 72 
mm delamination. The delamination is at the LW end of the CFBG. (a) In the "Top" part of the ENF; (b) In the 
"Bottom" part of the ENF. 
As expected, two of the predicted reflected spectra, “bottom outer” and “top outer”, do not 
show any significant because the perturbations caused by the delamination front in the strain 
fields at these positions (see Figure 5) are small.  however, the two spectra from the positions 
closest to the delamination, “Top centre” and “Bottom centre” in Figure 1, show distinct 
perturbations. Future work is required to determine whether these perturbations are observed 
experimentally.  
 
4 Concluding remarks 
This paper has reported a study of the use of chirped fibre Bragg grating sensors to detect 
delaminations subjected to mode II loading. Experimental ENF coupons were manufactured 
using CFRP pre-preg with embedded 60 mm CFBG sensors. The coupons were loaded in 
four-point bending and reflected spectra were recorded for a range of delamination lengths. 
The reflected spectra from the embedded sensors showed perturbations that were consistent in 
location with the positions of the delamination front in the ENF coupons.   
A 3-D model of the test was constructed in ABAQUS to simulate the strain field in the ENF 
coupon under four-point and the strain data was used to predict the reflected spectra for four 
possible sensors locations. For the experimental arrangement tested, the predicted spectra 
were in qualitative agreement with the experimental results.  However, it appears that a more 
refined FE model is required since the predicted perturbation in the reflected spectrum is far 
greater than the size of the measured perturbations. 
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